Abstract-The goal of this study was to propose a general numerical analysis methodology to evaluate the magnetic resonance imaging (MRI)-safety of active implants. Numerical models based on the finite element (FE) technique were used to estimate if the normal operation of an active device was altered during MRI imaging. An active implanted pump was chosen to illustrate the method. A set of controlled experiments were proposed and performed to validate the numerical model. The calculated induced voltages in the important electronic components of the device showed dependence with the MRI field strength. For the MRI radiofrequency fields, significant induced voltages of up to 20 V were calculated for a 0.3T field-strength MRI. For the 1.5 and 3.0T MRIs, the calculated voltages were insignificant. On the other hand, induced voltages up to 11 V were calculated in the critical electronic components for the 3.0T MRI due to the gradient fields. Values obtained in this work reflect to the worst case situation which is virtually impossible to achieve in normal scanning situations. Since the calculated voltages may be removed by appropriate protection circuits, no critical problems affecting the normal operation of the pump were identified. This study showed that the proposed methodology helps the identification of the possible incompatibilities between active implants and MR imaging, and can be used to aid the design of critical electronic systems to ensure MRI-safety.
Assessing whether an implanted device can be safely used in conjunction with MRI is a complex problem. It is relatively easy, for example, to demonstrate that heating or induced voltages can occur, but far more difficult to prove that they are not hazardous. Experimental studies have been extensively used to assess the MRI-safety of various active implants (pacemakers [4] [5] [6] [7] [8] [9] , defibrillators [1] , [5] , neurostimulators [10] , [11] , and infusion pumps [2] , [12] , [13] ) and this type of investigation is mandatory before the commercialization and marketing of implants as MRI safe. However, experimental tests are only possible at the end of the product development cycle when fully functional implants are available and design change costs are the highest. Numerical analyses are not constrained to this schedule and are routinely performed, but as of yet, they have only been used to determine the specific absorption rates (SARs) of tissues surrounding the device [14] [15] [16] [17] and are hence of limited use in evaluating the device's safety. This paper presents a general numerical analysis methodology that enables more comprehensively evaluation of the safety of implantable devices earlier in the product development cycle.
The goal of this study was to develop a methodology for preliminary evaluation of the MRI-safety of active implants. In this paper, we focused on the device operation and, in particular, on whether there was potential for failure of electronic components, because this problem is unique to active implants. The methodology is based on finite element (FE) principles and is illustrated by the evaluation of an active implantable pump. This particular device is interesting in that it includes a telemetric external control system that will likely become more common in the future. The interaction between the antenna of this system and the MRI field may create problems. This work reports on the validation of the FE model with controlled experiments as well as estimation of the MRI-induced voltages for the critical electronic components of the device.
II. MATERIAL AND METHODS

A. Implantable Pump
In this paper, an active implantable pump (Codman Neurosciences SARL, Le Locle, Switzerland) was used as the subject of the numerical analysis of MRI-safety. This pump is used as an implanted drug delivery system for the management of chronic 0018-9294/$25.00 © 2007 IEEE pain. It is surgically placed in the abdominal region and delivers drugs directly into the spinal canal. The drug infusion profile can be programmed telemetrically at any time after its implantation using radiofrequency (RF) signals. Data relevant to the therapy, which is stored in the pump, can also be retrieved in this manner. Two electronic modules are of principal consideration in the model and these are the two large coils of the pump. One is the antenna used for communication, and the other is a component of the fill-level sensor, used to monitor the amount of drug in the pump's tank.
B. Assumptions
During MRI procedures, the electrical components of an implanted device are exposed to two time-varying electromagnetic fields. These include the RF field that is used to orient the spin axis of polar molecules away from the main MRI axis, and the gradient fields that are used to encode spatial position into the signal for image reconstruction. This work will evaluate the effect that both of these fields have on the pump's electrical components.
The resonance equation, which relates the resonance frequency of a spin to the main magnetic , is the following: (1) where is the gyromagnetic ratio. This ratio is equal to 42.58 MHz/T for hydrogen protons, which are common in biological tissues. For a 1.5T MRI the resonance frequency for hydrogen corresponds to an electromagnetic wavelength of greater than 4.7 m. Since this wavelength is about 60 times the size of the pump being studied ( 80 mm), a low-frequency approximation could be applied to the Maxwell equations used in the calculations. This approximation implies that electromagnetic waves will propagate instantaneously thru the sample. Therefore, the RF magnetic field is considered to be homogenous over the volume of the MRI device.
C. FE Simulations of MRI Induced Voltages
An axisymmetric FE model representing the pump within an MRI electromagnetic environment was developed. This model included the Codman pump that was surrounded by air (see the discussion for the reasoning) and filled with fluid in the lower compartment to simulate the drug. The antenna of the pump was embedded in polyethylene on the outside of the pump casing (Fig. 1) . 13 000 8-node electromagnetic elements were used in the model. This large number of elements was required to model the eddy currents that occur in only a small fraction of the thickness of metallic components. For example, in the titanium case with a 64 MHz excitation signal, the depth of the eddy current effect is 0.5 mm. In order to obtain accurate results for the metallic components, a higher mesh density was used on the outer surfaces.
A simplified circuit was also coupled to the FE model to model the basic behavior of the electronic circuit (Fig. 1) . The antenna and fill-level sensor were both connected to an idealized capacitor element. The capacitance was set for an antenna tuning of 13.56 MHz, which is the frequency used for the communication with the control unit (CU). The fill-level sensor capacitor was set for a tuning of 100 kHz. The niobium antenna with 2 windings and the copper fill-level sensor with 88 windings were modeled using stranded coil elements.
The boundary conditions used for solving the model were chosen to represent the MRI magnetic field. The field direction was aligned with the model's axis of symmetry ( Fig. 1) . This is the worst case situation for the pump's electronics since the field orientation is perpendicular to the antenna and fill-level sensor surfaces. The amplitude of the RF field used in this study was 30
, which corresponds to the maximal field produced by the body coil of a typical 1.5T MRI system (Philips Integra System). The magnitude of the gradient fields of an MRI device varies from zero at the isocenter to a maximum at the wall of the bore. To model the worst case situation, the fields were calculated for the pump placed in the most eccentric region of the MRI imaging space. The magnitudes of the gradient fields used for the simulations are given in Table I .
The commercial FE package ANSYS Emag 9 (ANSYS Inc., Canonsburg, PA) was used for the simulations. Harmonic analyses were performed to model the RF situation and transient analyses were used to solve the gradient field problem.
D. FE Model Validation Step#1-Laboratory
An initial validation of the numerical results of the model was made by measuring the induced voltages in the pump's antenna by the RF emissions produced by the CU's loop antenna. This initial FE model validation compared the induced voltages measured experimentally at the pump unit (PU) antenna using an oscilloscope (Agilent 54642D Oscilloscope, Agilent Technologies, Palo Alto, CA) with the voltage obtained from the simulation. The experimental tuning of the system also accounted for the approximately 10 pF parallel capacitance of the oscilloscope probe. With this setup, a direct comparison between experimental results and numerical calculations could be made. To perform this validation a representation of the CU antenna was added to the FE model. The antenna was represented as a massive circular conductor with a radius of 65 mm. The electronic circuit connected to the CU antenna which is used to generate the RF field was also represented in the FE model (Fig. 2) . The CU's RF generator was modeled as producing an alternating voltage at 13.56 MHz with a magnitude that corresponds to the different emission powers available (0-3 W). No modifications were made to the electronic circuit of the pump unit.
The experimental setup used for this validation consisted of an empty titanium pump case with its antenna. A signal generator was connected to the emitting loop antenna, which was placed around the pump, and used to produce RF fields at predefined power levels.
Two different tuning conditions were used in the validation to verify that the FE model captures the effect of de-tuning of the pump's communication system. In the first case, the capacitor's elements were set to model resonance frequencies of 13.56 MHz separately in the pump and CUs. This simulates a situation where these two devices are far away from each other. The second case simulates the situation of the antennas being brought into close proximity, where a de-tuning of both antennas is observed due to mutual induction. In this case, the capacitor elements were chosen to have both antennas tuned simultaneously to 13.56 MHz while in their testing position. Additionally, the capacitor elements had to meet a 50 impedance matching condition at the CU antenna. Experimentally appropriate model parameters were selected using a Smith chart to plot the complex impedance of the circuit (Agilent 4369B Network Analyser, Agilent Technologies, Palo Alto, CA) while adjusting the values of different variable capacitor elements in the circuit.
E. FE Model Validation Step#2-MRI
The second model validation experiment involved measuring the induced voltages in the antenna when the experimental apparatus was placed inside three representative clinical MRI scanners (Table II) . A direct measurement of the voltages induced by the RF pulses of the MRI was not possible. Too much noise would have been generated by the external electrical connections. For this reason, a special electronic circuit was developed in order to capture the induced voltage without external electrical connections (Fig. 3) . The circuit used a 10 capacitor to record the maximal voltage after ac to dc conversion. After exposing the test apparatus to the RF field of the MRI units, the voltage across the capacitor was measured with a digital multimeter. The gradient magnetic fields of the MRI were disabled for this experiment. A linear relationship between the amplitude of the induced voltages at the antenna and the direct voltages generated in the capacitor was empirically determined as
The value of the linear regression used to determine this relationship was 0.99. This value expresses the proportion of data variance that can be explained by the regression; As approaches unity, the regression approaches a perfect fit. The baseline signal of about 1 V is due to the forward voltage and reverse leakage of the diodes. The forward voltage of the diode used in this study (BAT 48) can be up to 0.9 V.
III. RESULTS
A. FE Simulations of MRI Induced Voltages
The FE model was used to calculate the magnetic field at different locations inside the pump (Fig. 4) . At the working frequencies of the MRI, the inside of the pump is perfectly magnetically shielded . In contrast, the region surrounding the antenna, which is outside the titanium case, is subjected to magnetic fields that are higher than the main RF field . The magnetic shielding phenomenon that was observed inside the pump casing is a result of eddy currents that are generated on the surface of the case. These eddy currents concentrate at the sharp edges of the pump case, but with an amplitude of less than 1.5 for a 3.0T MRI. The induced voltages in the antenna and fill-level sensor that were calculated for corresponding frequencies of the different MRI devices are shown in Fig. 5 . The estimated induced voltages for the fill-level sensor were insignificant and the induced voltages in the antenna were less than 1 V for both 1.5 and 3.0T machines. For the 0.3T MRI machine the induced voltages were up to 20 V. The highest induced voltage calculated was about 70 V, but no existing MRI scanner uses a 0.318 T magnet that would produce such a voltage.
The induced voltages were also calculated for pump devices subjected to gradient fields (Table I) . In this situation, the induced voltages in the pump's antenna were negligible ( 1 V), but those in the fill-level sensor were significant-up to 11 V. The shielding effect of the titanium casing is less effective against gradient fields and the electronics inside the pump are therefore less protected against the affect of these fields.
B. FE Model Validation Step#1-Laboratory
The comparison of experimentally measured induced voltages at the pump's antenna with corresponding numerical estimations is presented in Fig. 6 for the two different tuning methods. The numerical model gave estimates of the experimental data with a maximal error of less than 3 V. The induced voltages obtained in the separate tuning situation were about two times lower than those for the combined situation. This voltage decrease illustrates the de-tuning caused by the mutual induction phenomenon.
C. FE Model Validation Step#2-MRI
The experimental measurements of induced voltages from different MRI devices were compared to the numerical estimates for the corresponding situations (Table II) . The values presented were for voltages at the component and not at the location of the antenna. This observation explains the values of 0 V obtained with the numerical model at 1.5 and 3.0T because the calculated values at the antenna were below the diode's forward voltage threshold as shown in (2).
IV. DISCUSSION
A novel methodology was developed for performing a preliminary evaluation of the MRI-safety of active implants. This methodology was used to locate any potential sources of incompatibility between an active implantable pump and MRI. An FE numerical model was developed to simulate the influence of the time-varying magnetic fields of an MRI machine and estimate the induced voltage in the critical electric components of the pump. The results of this study indicated that there is a potential operational safety problem when a 0.3T MRI is used. This problem is due to the effects of the RF pulses on the pump antenna. Another potential problem was noted when a 3.0T MRI was used and this is due to the interaction between the gradient fields and the fill-level sensor. This study aided the understanding of these possible incompatibilities and enabled corrective measures to be taken.
The FE simulations showed that the titanium casing enclosing the pump provided a very good shielding to the RF electromagnetic field. This shielding offers protection for all the electronic components inside the pump. This observation is confirmed by the induced voltages calculated for the fill-level sensor. This coil has almost the same size as the antenna, but has 40 times more windings and is located inside the pump. For this coil, only negligible induced voltages were calculated during RF analyses.
The shielding is less effective against gradient fields. The reduced protection is the result of the transient nature of the gradient fields and the fact that their frequency of about 5 kHz (at 1.5 T) is much smaller than the frequency of the RF-field. As a consequence, the electronic components inside the pump are exposed to the gradient fields, explaining the relatively high induced voltages calculated for the fill-level sensor.
Induced voltages are associated with any time varying fields and these can arise from patient motion through a nonhomogeneous magnetic field. The principal magnetic field produced by the MRI is designed to be perfectly homogeneous inside the device, but it is no longer homogeneous outside the MRI bore. The field decrease from its maximal value within the bore to zero a few meters away from the magnet. For a 1.5 T device, a maximal spatial variation of approximately 30 mT/cm takes place about 80 cm away from the magnet. Thus, if a patient lying on the table is moved at 1.5 m/s (walking speed) through this field, he is submitted to a maximal time varied magnetic field that is six times lower than gradient fields of a 0.23T MRI. For this situation, induced voltages of less than 1 V were calculated in the fill-level sensor. These very small voltages do not represent any risk for the electronic safety of the device.
According to the FE estimations, the worst case for the electronic components occurs in low field-strength scanners. Induced voltages up to 20 V were calculated when a 0.3T primary MRI field was used. This result might seem counterintuitive, but the RF frequency of a scanner with this field strength is close to the communication frequency of the antenna. In theory, identical gradient fields can be used for all static field strengths, but as seen in Table I , the gradient field strengths used for higher static fields also tend to be higher and these higher fields result in higher induced voltages. As a consequence, the safety of the device should be tested in a full range of MRI devices; high field MRIs to evaluate the risks for the electronic components resulting from gradient fields, and low field MRIs to evaluate the risk due to RF fields.
This study demonstrated a good agreement between laboratory measurements and numerical estimations. It is important to note that the model was able to simulate both the combined and the separate tuning situations. This result is a strong validation of the general model behavior and of the FE/idealized circuit element coupling. The differences between the numerical and the experimental results were less than 3 V. The error level is sufficient low to ensure qualitatively meaningful results and quantitatively accurate estimation of induced voltages.
The MRI validation of the FE simulations also demonstrates the agreement between the model and the experimental measurements. However, the model validation has only a few comparison points because it is difficult to find MRI devices encompassing all possible different field strengths. Moreover, this validation is less accurate than the laboratory evaluation, because for the MRI measurements, the induced voltages were measured in an indirect way. Additional errors may have been introduced during the ac/dc conversion of the induced voltages. Moreover, induced voltages below the diode forward voltage threshold were not measurable [see (2)].
To our knowledge, this paper is the first to describe a method able to evaluate the MRI-safety of sensitive electronic components of a device before its effective production. Previously performed numerical studies have only focused on the evaluation of the amount of RF energy absorbed by the tissues around different implants (SAR), but not on the device electronics. Schueler et al. [2] calculated the magnetic field around an aluminum spheroid implant as well as the eddy currents on this implant surface. Field distribution around this spheroid implant was similar to the results obtained in the present work, but the RF field magnitude was not specified. Thus quantitative comparisons are not possible. Our results suggest that the electronics inside the pump will be protected from the MRI induced voltages. Our results confirm the observations that have been made with some modern implanted active devices, which have not failed during scanning [6] , [9] , [18] .
There are some limitations to this FE model. A low-frequency approximation was used for the calculations. This approximation is perfectly valid for the simulation performed with the pump in air presented in this paper. However, this estimation is no longer valid for the RF calculation of the pump in a physiological solution or surrounded by biological tissues. In these cases, the high dielectric constant of the medium leads to a decrease in the electromagnetic wavelength to approximately five times the pump's dimension. On the other hand, these calculations were not focused on the effect of the electromagnetic fields on the tissues surrounding the pump, but rather to evaluate the risks for the electronic components. From this point of view, the results should not change significantly with the pump in physiological fluid as the transmission frequency remains the same as in air, and the amplitude of the RF field is slightly smaller due to the shielding effect of the water. Thus, the induced voltages generated by the RF fields would be expected to be slightly smaller with the pump implanted into biological tissues.
The MRI magnetic fields used for the simulations are idealized approximations of the real fields present in MRI devices. The RF field was represented as a vector oscillating in the vertical direction. In a real MRI, this field rotates around the principal bore axis with a rotation frequency equal to the gyromagnetic ratio times the field strength. However, our approximation is valid for the calculation of the induced voltages in the antenna, because only the product of the magnetic vector with the antenna/coil surface normal vector is important. This product is the same for both rotating field and the constant orientation field. Moreover, the maximum possible emission power was used for the RF field simulation. Consequently, the calculated values represent the worst case scenario and, correspondingly, the upper limit of the induced voltages.
The gradient fields used in the calculations were also idealized. A precise definition of the gradient field strength and orientation is difficult to obtain for existing scanners. In addition, the concomitant fields to the desired gradient in the z direction increase the complication of the problem [19] . For this reason, the worst case situation was modeled. Gradient fields used for the calculations were obtained with both slew rate and maximum fields at their extreme values, which is an impossible condition in practical situations. Moreover, the pump was positioned in the most eccentric region of the MRI sample space, which is unlikely to be achieved in practice.
Obviously, the electronic circuit connected to the antenna only represents the resonant part of a more complex communication circuit. However, this allows for a good evaluation of the worst case situation. The rest of the circuit adds resistive elements to this resonant part, which decrease the induced voltages in the circuit. The situation modeled here corresponds to an upper limit of the induced voltages at the level of the antenna. This information may then be used as a superior limit to evaluate the voltage at different points of the complete electronic circuit.
This study showed that a numerical model can be used to estimate the electronic MRI-safety issues for active implants. We focused on the interactions between the electronic components of the implant and the MRI magnetic fields, but the FE method may also be used to evaluate risks associated with other physical phenomena, not only those associated with active implants. These risks may include the mechanical forces acting upon the implant, tissue heating due to eddy currents flowing on the metallic surface and the electromagnetic energy deposited in the tissues around the implant.
The method presented in this paper can be used to help achieve a robust MRI-safe design of the critical electric components of active implants. Its results can indicate the need for protective circuits, required to ensure that any induced voltages have minimal effect. Numerical analysis of this type could be used to evaluate the potential safety issues early in the development cycle, when critical design decisions and modifications are less costly in time and material.
In this study, no operational safety problem was found for the investigated pump during 1.5 and 3.0T MRI scanning. The high induced voltages calculated during 0.3T scanning could be filtered with an appropriate protection circuit. Obviously, real experimental testing will always be required before finally declaring an implant as MRI-safe, but the combination of numerical simulations and experimental testing can be a powerful tool in the development of MRI-safe implants.
